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Abstract
This project has involved the design, development and modelling of a stand alone,
transportable, renewable energies building. An experimental test apparatus was con-
structed that characterised the performance of a single panel Building Integrated Pho-
toVoltaic/Thermal Collector. The data collected from the test apparatus was used to
aid in the design and modelling of a 9.4m by 3.6m building that includes 18 BIPV/T
panels. After multiple revisions, a final building design was realised that satisfied all
structural and aesthetic requirements. An extensive set of simulations were performed
on this design to predict the thermal and electrical performance of the building. The
results predicted a thermal energy deficit during winter months which had to be recti-
fied with an auxiliary resistive heater to maintain a minimum internal zone temperature
of 16°. The power system provided a reliable electricity supply for a minimum electri-
cal storage of 11.2kWh. The complete construction cost for the design was $125,450.36
which includes a 20% profit margin and 15% GST. Comparisons to other currently avail-
able products were made but did not provide a definitive indication of the building’s
commercial viability. Calling on his wealth of experience, Brent Mettrick is confident
that the building design could be successful in the market place.
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The need for sustainable energies housing has become more apparent in the last 20
years. Energy Prices and concerns for Global Warming are continuing to increase,
which is creating a demand for a change in building techniques and the wider inclusion
of renewable energy systems. Photo-Voltaic electricity generation is leading the way in
pursuit of ‘Clean, Green’ living.
Residential homes in New Zealand use a significant proportion of energy on space heat-
ing and hot water at 34% and 29% respectively [3]. With careful building and solar
energy systems design, it is possible to satisfy this usage entirely with renewable energy.
Retrofitting solar PV and hot water systems has become a viable option, with acceptable
payback periods and performance, but in many cases retrofitting is cost prohibitive.
A Building Integrated Photo-Voltaic Thermal (BIPV/T) unit is a combined electrical
and thermal energy collector built in to a new building structure. BIPV/T systems
are well documented and are used all over the world to varying degrees of success with
the basic principle of harvesting heat energy from the back of a PV panel. For a given
solar radiation, typically only around 16% can be converted in to electrical energy by
a PV panel due to reflection and cell heating. The heat generated in the cells would
normally be vented to outside air which could be otherwise harnessed and used for
general domestic heating duties.
Stonewood Homes Ltd is already pushing clients toward Energy Efficient builds with
the advent of the Solar Ready Home and the optional HomeStar ratings. Stonewood
1
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Homes Ltd are committed to the continual betterment of their building techniques and
provide almost limitless customization to client’s specifications.
1.1 Project Partners
1.1.1 Stonewood Homes
Stonewood Homes NZ Ltd are one of the largest home builders in New Zealand hav-
ing built over 4000 homes throughout the country since being established in 1987.
Christchurch is their largest market with build numbers rising explosively with the ad-
vent of the ‘Christchurch Rebuild’.
The head office is in Christchurch which houses multiple financial, administrative and
technical teams to support the wider franchise network. The Drafting team cater to all
South Island franchises providing building detailing and modelling and managing the
consent process for each new build. The corporate costing team provide detailed costing
information for standard plan options that are available to clients through franchises.
The Christchurch building also houses the Christchurch regional Stonewood Franchise.
Stonewood Homes currently offer ‘Green’ energy efficient options when building a home,
with one of their show homes being the first to achieve a 7 Star Homestar rating. Every
home built by Stonewood is now labeled a ‘Solar Ready Home’ as EnaSolar Grid Tie
Inverters are mandatory equipment for new builds. The client can then choose to have
PV panels installed to complete the renewable energy system.
The project outlined in this report will add to the company’s existing knowledge base
in energy efficient housing and renewable generation systems. The resulting design will
be a potential saleable product to be added to the Stonewood product lineup.
1.1.2 DARC Technologies
DARC Technologies was formed in 2008 as a technology development company, funded
by Dennis and Alan Chapman. The company’s primary purpose was the development
of electronic solutions to be deployed in the Eco-Castle.
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Most of their current solutions are based around the use of SoPLC (Signal over Power
Line Carrier) technology. Listed below are some of their products that are in production
phase:
• 100W Hi-bay LED Industrial Light
• 40W Uplight
• 48V 4-Channel Driver
• 48V Bi-directional 4 Channel Driver
• 1-6 way switch plates
These solutions, if proven successful in the Eco-Castle, will be evaluated for future
commercialisation targeting both the domestic and commercial building industries.
In conjunction with the project outlined in this proposal, DARC Technologies has taken
on another Masters Student, Alastair McDowell, to work on a thermal modelling project.
This modelling system will be capable of calculating the overall energy gain of a building,
both Thermal and Electrical (with PV Panels). The model will be tested and verified
on the building that will be constructed during the course of this project.
1.2 Problem statement and focus
The building industry in New Zealand has come a long way in the last 50 years, with
many standards being conceived and refined that cater to our unique range of environ-
mental conditions. Despite the development of such standards, new residential homes
still consume relatively large quantities of electrical energy from The Grid.
The New Zealand Grid is supplied by mostly renewable energy sources, but there is
still a large proportion that is supplied by fossil fuels. Distributed generation has been
hailed by many as the energy solution of the future due to its inherent efficiency from
lack of inefficient transmission. Distributed generation includes any power source that
is local to where the energy is being consumed. This can consist of both renewable and
non-renewable sources.
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Small scale sustainable energy systems are now widely available to be retrofitted to any
residential building and can offer acceptable financial and environmental returns. These
systems are becoming more viable as Energy Prices from The Grid increase. While these
systems can provide acceptable returns, systems that are incorporated in a building’s
initial design can provide substantially higher returns.
Building integrated renewable energies systems are inherently more efficient due their
design-for-application nature. This higher efficiency, along with a lower capital cost
contribute to a superior system both financially and environmentally. Economic Dis-
tributed Generation will never truly be realized until these systems are incorporated in
new residential buildings.
1.3 Research Objective
Building integrated renewable energy systems are on the rise globally but have not yet
taken hold in New Zealand. The main reason is the capital costs associated with the
systems but also the relatively low energy efficiency standards in New Zealand.
The goals of this project are two-fold; to design an energy and cost efficient Transportable
building and to provide Stonewood Homes Ltd with useful Intellectual Property pertain-
ing to the sustainable design of new residential buildings. The key idea’s that will be
developed during this project are:
• Extensive use of internal, fully insulated thermal mass
• Building Integrated Photovoltaic / Thermal System
• Solar Energy gain (Electrical and Thermal)
• Heat controlled ventilation
The project will focus on techniques for integrating all of these components in to a new
residential building in a cost effective manner and in such a way as to not disrupt the
usability of the building when compared to a ‘standard’ residential build.
Support staff from Stonewood Homes Ltd will assist with a lot of the low level technical
details so that this project can focus on mostly high level designs and analysis.
Chapter 2
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Highly insulated, energy efficient homes are not a new concept. New homes are now
required to be insulated to a certain standard to ensure a safe living environment for its
occupants as stipulated by the independent research, testing and consulting organisation,
BRANZ Ltd. This standard is a step in the right direction, but the ideal home would
require little or no energy from The Grid (National Electricity Grid) to maintain a
comfortable and healthy indoor temperature and air quality.
The greatest challenge with energy efficient buildings is making them cost efficient.
Energy efficient buildings have obvious long term cost benefits, but market uptake is
and always will be largely dependent on the upfront capital value. Therefore building
companies are being driven to look for more cost and time efficient materials to lower
the capital cost of energy efficient buildings.
Transportable buildings are inherently time efficient as they can be constructed in highly
efficient factories before being moved to site. This efficiency almost eliminates depen-
dence on appropriate weather conditions and greatly reduces down time and required
project management for a given implementation.
2.1 Thermal Mass
In the context of a building, thermal mass is any indoor material that has a significant
specific heat capacity, and acts as thermal storage, absorbing heat during the day and
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releasing it at night. If a building is designed with substantial use of concrete or some
other material with a high specific heat capacity, it has the effect of reducing temperature
fluctuations within the building. This behaviour not only decreases negative fluctuations
in indoor temperature below what is comfortable, but will decrease positive fluctuations
in the case of excessive available solar, or other, heat energy.
Zeng et al. [4] states that the effect of thermal mass can be evaluated by considering the
dynamic indoor temperature as a function of a building’s total thermophysical properties
(with no active heating or cooling).
tin = k(t), ρCp(t), ACH(τ) (2.1)
where t is temperature, k is thermal conductivity, ρ is density, CP is specific heat, ACH
is air changes per hour and τ is time.
Zeng et al. [4] proposes that traditional methods of building are flawed in the way
that the building’s thermophysical properties are generally non-variable and are not
suited to specific climate information and thermal comfort demand. It is stated that
a new approach should consider the climate information, thermal disturbance, building
geometry, and thermal comfort demand for a given application. From this approach
the optimal thermophysical properties of the building can be determined to best take
advantage of natural resources.
Kalogirou et al. [5] investigated the effect of deploying thermal mass in Cyprus with a
simplified model of a single zone building. After optimisation of the quantity of thermal
mass and various building parameters, the simulation showed a decrease in the average
heating load of 47%.
2.2 Solar Energy Gain
It is generally considered cost effective to design buildings that make optimal use of
solar energy resources. Both thermal and electrical energy can be utilised to minimise
dependence on traditional energy sources such as the National Electricity Grid.
Northward facing window area is maximised to increase incident radiant energy on in-
ternal building materials, preferably those with high specific heat capacity. With this
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thermal gain, careful consideration needs to be made to avoid building overheating dur-
ing times of high solar resources. Roof overhang lengths and angles are tailored to reduce
incident radiant thermal energy in summer months.
The Building Research Establishment Trust [6] outlines the fundamental design charac-
teristics design to meet the stringent PassivHaus building standard. One of the main
aspects of the standard surrounds the extensive utilisation of solar irradiation to pas-
sively heat a building. With careful design and construction, buildings can be designed
to use very little to no energy for space heating.
Photovoltaic Cells have made huge advancements in the last decade, to the point where
they are now becoming a very cost effective residential electricity solution. Retrofitting
PV panels can still be financially viable, but the maximum benefit is realised when the
PV panels are integrated in to the design of new buildings.
2.3 Building Integrated Photovoltaic / Thermal
Photovoltaic / Thermal systems combine two methods of solar energy collection in to
one size and energy efficient system. A typical PV/T system uses a silicon PV panel as
the primary collector which generates electrical power, with a working fluid removing
the generated heat from the rear of the panel. As PV/T systems have a relatively high
capital cost a common method for reducing that is to integrate the system in to the
buildings design, hence the full name, BIPV/T.
BIPV/T systems are a well documented method of decreasing a building’s reliance on
traditional energy sources. Chen et al. [7] performed the modelling, design and per-
formance assessment for a BIPV/T system thermally coupled to a Ventilated Concrete
Slab (VCS) in a low energy solar house that was constructed in 2007 in Quebec, Canada.
The BIPV/T system was found to achieve a typical efficiency of around 20%. The build-
ing was highly insulated including large south facing triple glazed windows increasing
passive solar gains. The building’s space heating energy consumption was about 5% of
the national average.
Kim et al. [8] analysed a experimental BIPV/T system that utilised water as the working
fluid. The water can be used in buildings to supplement existing hot water supply, or
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for space heating with the use of a suitable radiator. The experimental results showed
an average thermal efficiency of 30%.
Water type PV/T systems exhibit greater thermal efficiency due to the working fluid
having far greater heat capacity and conduction rates when compared to that of air.
The down side of using water as the working fluid is the increased cost of having to
contain and distribute the water throughout the system.
Zogou & Stapountzis [1] constructed a BIPV/T experimental test rig using air as the
working fluid, shown in Figure 2.1. The PV module used was a commercially available
205W multi-crystalline unit. The experimental unit exhibited an average thermal ef-
ficiency of around 8% which was attributed to characterised attributes of the air flow
within the unit.
Figure 2.1: BIPV/T test rig as constructed by Zogou & Stapountzis [1]
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2.4 Heat Controlled Ventilation
Modern HVAC (Heating Ventilation Air-Conditioning) systems are constantly being
pushed toward being more energy efficient. A major contributor to energy efficiency in
these systems is the style of ventilation they employ.
Traditional residential buildings do not utilise any kind of active ventilation but adhere to
the building standard, which requires a minimum area of opening windows as stipulated
by their given floor area. This standard results in very high heat losses if ventilation is
maintained at an adequate level. Typically, to maintain a warm environment at evening
and night times, all windows and doors will be closed, which reduces ventilation to only
the buildings characteristic infiltration rate. This rate effectively retains the maximum
amount of thermal energy within the building, but can lead to increased concentrations
of CO2 and other pollutants.
Ventilation can be performed through a high efficiency heat exchanger to dramatically
reduce associated heat losses. Exhaust indoor air is passed through a counter cross-flow
heat exchanger which passes heat to, or accepts heat from, incoming outdoor air. This
process is known as an HRV (Heat Recovery Ventilation) System or an air-to-air heat
recovery unit.
Fernández-Seara et al. [2] performed an experimental analysis of an air-to-air heat
recovery unit in a residential building. A maximum thermal efficiency of 94% was
achieved at air flow rate of 50m3/h and it was observed that while the thermal transfer
increased with an increase in air flow, the thermal efficiency dropped to 78% at an air
flow rate of 175m3/h. Under steady operation, the heat transfer rate and the thermal
efficiency were accurately measured at 672W and 80% respectively which could amount
to significant thermal energy conservation in a residential building. Figure 2.2 shows
the heat recovery unit used as the test apparatus.
2.5 Eco-Castle
In 2010 construction began on Dennis Chapman’s Eco-Castle, officially completed in
2015. The building serves as a residence for Dennis and Debby Chapman as well as
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Figure 2.2: Heat recovery unit used as the test apparatus for investigations performed
by Fernández-Seara et al. [2]
offices for Darc Technologies. The building is capable of being completely energy self-
sufficient with an installed solar PV capacity of 22.6kW. The PV panels are part of the
installed BIPV/T system which is capable of generating up to 30kW of heat. Many
of the basic concepts of this building were used in the design process of this project.
Figure 2.3 is a photograph of the front of Dennis Chapman’s Eco-Castle showing the
use of Building Integrated PV panels.
Figure 2.3: Front View of Dennis Chapman’s Eco-Castle
2.5.1 BIPV/T
The Eco-Castle incorporates a very sophisticated BIPV/T system that generates suf-
ficient heat to maintain a comfortable indoor temperature throughout the year. The
thermal system that is connected to the BIPV/T system is a hybrid of air and water.
Air is passed underneath the PV panels to collect the solar energy which can be either
Chapter 2. Background 11
recirculated within the building for direct space heating, or is transferred to water via
two 15kW heat pumps. The water is stored in tanks and ultimately circulated through
the floor slabs for thermal storage.
One of the key design features of the BIPV/T system is the use of the PV panels as
the primary weather tight envelope of the building. Dennis Chapman commissioned the
design of an extruded aluminium frame that is built around a standard size glass covered
solar cell array. The frames are designed to have extruded aluminium clips that lock
regular flashing profiles in to place to seal the panel array to the sides of the building.
All junctions of the panels are sealed with custom designed extruded rubber profiles.
Alastair McDowell created an accurate thermal model of specific parts of the Eco-Castle
to characterise the systems performance. It was found that the BIPV/T system was able
to produce a minimum of 350kWh per day during the winter of 2015. The thermal and
HVAC (Heating Ventilation and Air Conditioning) systems are currently being optimised
by Darc Technologies to make best use of the available resources with the aim of arriving
at a reliable system that can maintain comfortable indoor conditions year round.
2.5.2 Signal Over Power Line
The traditional method for wiring follows the current electrical standards with mechan-
ical switches directly energising 230V AC (Alternating Current) loads, however, the
Eco-Castle is wired with 230V AC and 48V DC (Direct Current) bus’s throughout the
building.
Each switch and load have a micro-controller based circuit that act as a master node
and slave node respectively. These nodes connect directly to the 48V DC bus and
communicate though the bus using a high frequency signal. Any master node can
control any slave node on the bus by programming the appropriate node ID’s in to the
micro-controller’s.
This system greatly reduces the cost of wiring a building and allows for greater flexibility
and reconfigurability. The 48V supply is also considered low voltage and non-lethal.
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2.5.3 LED Lighting
Darc Technologies have designed LED lighting components that compliment their Signal
Over Power Line system. The production ready lights will feature built-in circuits that
will directly connect to the 48V bus within a building. The lights are designed to be
energy efficient while still providing exceptional aesthetic appeal.
Chapter 3
Experimental Design
Darc Technologies have provided their proprietary solar panel fastening system that
provides BIPVT capability when incorporated in to a new build design. The system
uses the solar panels to seal the envelope of the building, allowing for a thermal air duct
beneath the panels.
An experimental thermal test rig was constructed in conjunction with Alastair McDowell
to determine the thermal characteristics of the PV panel that would be used in the design
in this project. The test was made to simulate as closely as possible the intended final
roof design of the building so that the data could aid in the effective design of the energy
system. Figure 3.1 and 3.2 show the construction stages and the final thermal test rig.
Figure 3.1: Thermal Rig Constructional Layer View
The rig was built from sheet plywood and various timber sections to form a closed
loop thermal system. The heat energy harvested from the back of the PV panel was
cycled around the ducted loop which fed into a water to air heat exchanger the remove
the heat from the system. All temperatures and flow rates were monitored to gain a
comprehensive data set for later analysis.
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Figure 3.2: Thermal Rig Main View
The design of Figure 3.2 was modelled on the Eco-Castle thermal system so that the
results were realistic and suitable for use in the design of the transportable building.
The Test Rig measures two basic quantities; Electrical Energy output and Heat Energy
output. The entire envelope of the Rig is insulated with plywood and foam to ensure
accurate thermal readings. Table 3.1 shows the specifications of the BIPV/T Thermal
Test Rig.
Table 3.1: Experimental BIPV/T Specifications
Specification Symbol Value Unit
Max Power Pmp 240 W
Max Power Voltage Vmp 30.0 V
Max Power Current Imp 8.01 A
Open Circuit Voltage Voc 36.8 V
Short Circuit Current Isc 8.6 A
Cell Efficiency ηcell 16.8 %
Module Efficiency ηmodule 14.9 %
Temp Coefficient αp -0.434 %/
◦C
Nom. Cell Temp NOCT 45 °C
PV Aperture Area APV 1.65 m
2
Tilt Angle β 30 °
Azimuth Angle γ 180 °
Channel Depth d 0.1 m
Channel Length L 1.6 m
Maximum Air Flow Rate V̇a 0.19 m
3/s
Maximum Water Flow Rate V̇w 2.5 L/min
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3.1 Electrical Energy System
The objective of this system was to extract the maximum possible amount of Electrical
Energy from the PV Panel. For the purpose of this application, the energy extracted
needed to be measured and then exited from the system. A load resistor was used to
convert the electrical energy in to heat energy to be vented to the atmosphere.
3.1.1 PV Control Circuit
An Atmel Microcontroller was used to control an N-Channel MOSFET to switch a load
resistor and data-log the Voltage and Current of the PV Panel. The power circuit is a
simple low side switch actuated by Pulse Width Modulation (PWM) to attain a variable
voltage source to the load therefore adjusting the effective load on the PV panel. The
PV panel voltage is filtered with the use of a large array of capacitors to ensure the
voltage and current remain steady ensuring accurate Maximum Power Point Tracking
operation.
The voltage of the PV panel was scaled down using a resistor divider and current was
measured using a current shunt resistor and shunt monitor Integrated Circuit (IC).
Figure 3.3 shows the installed Microcontroller and power circuits.
Figure 3.3: Microcontroller and Power Electronic Circuits
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3.1.2 Maximum Power Point Tracking
The Maximum Power Point Tracking (MPPT) algorithm employed was ‘Perturb and
Observe’. This simple solution provides acceptable accuracy with minimal tuning. The
other main MPPT algorithm considered was Incremental Conductance but this method
gave insignificant improvement in accuracy over the ‘Perturb and Observe’ method for
significantly higher complexity.
The basic premise of the ‘Perturb and Observe’ method is to begin at a pre-programmed
base load, then to keep increasing load while power is increasing. When a point is reached
where the power output starts to decrease the load will be decreased to attempt to again
increase power output. Figure 3.4 shows a flow diagram of the basic perturb and observe
algorithm.
Figure 3.4: Perturb and Observe Algorithm
This process begins a cycle around the load point at which maximum power output
is achieved. With an appropriate time scale for load adjustment, this method achieves
excellent response to changes in available solar resources. Voltage, Current and Power of
the PV panel were data logged to a Comma Separated Values (CSV) file on an attached
SD Card every 10 Seconds for later analysis.
3.1.3 Electrical Efficiency
The PV panels specified for the building design utilize a silicon polycrystalline cell
construction. This construction type is not as efficient as silicon monocrystalline cells,
but is markedly cheaper per rated Watt. The power output and subsequent efficiency of
Chapter 3. Experimental Design 17
a given PV array is determined by two primary factors: the incident solar irradiation,
and the operation temperature of the cells. Commercially available cells will typically
be rated at a solar irradiation of 1000W/m2 and a cell temperature of 25°C.
Appendix A shows the data sheet for the PV panels that will be used in this project
(TP-245P). The data sheet shows a rated efficiency of 14.97% at 1000W/m2 with a cell
temperature of 25°C. The thermal derating factor shown is -0.41%/°C.
3.2 Thermal Energy System
3.2.1 Construction Methods
The Thermal Energy system in the Test Rig was closed loop to ensure accurate measure-
ment of captured Heat Energy. The closed loop of the system was created with two flat,
rectangular ducts placed on top of each other with joined ends to create a complete flow
path. Air was circulated through the ducting by four 120mm computer fans with heat
being extracted by an aluminium Air to Water Heat Exchanger fed from a constant-flow
water supply. Figure 3.5 shows a profile view of the thermal energy system.
Figure 3.5: Thermal Rig Operational Layout
R3.2 foam insulation surrounded the entire envelope of the thermal ducts to insulate
the system. A simple calculation of the heat loss through the insulation was performed
to confirm that it would have a negligible effect on the measured values. Figure 3.6
shows the same profile view as in Figure 3.5 but with the surfaces subjected to heated
air indicated along with their respective construction materials and R values.
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Figure 3.6: R Values of Thermal Rig Construction Materials
The maximum air temperature differential recorded between the outlet of the PV panel
and the ambient air while operating was 2.8°C. Summing the accumulated heat loss
over the heated surfaces gives a total heat loss of 2.2W. At this particular data point
the output thermal power was measured at 144W resulting in a proportional power loss
of 1.5%. This result was used to adjust the data taken from the test rig.
3.2.2 Instrumentation
The Thermal data logging is performed by a Signal-Over-Powerline system curtesy of
DARC Technologies. This system is currently used in the Eco-Castle to control and
datalog all electrical systems. The Ballast Unit and Signal-Over-Powerline system will
be further detailed in Chapter 5. Figure 3.7 shows an example USB Transceiver unit
and Input/Output Ballast Driver.
The unit in this application powered the four fans, and measured and logged the inlet
and outlet water temperatures and the flow rate of the water. The output data was
logged to a CSV file for later analysis.
The Micro-controller also used three digital temperature sensors to measure and data-log
the Inlet, Outlet and Ambient Air Temperatures of the Test Rig.
Sensors/instruments used to measure quantities in the system are listed as follows:
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Figure 3.7: DARC Technologies Ballast, 48V Switching Power Supply, USB Serial
Tranceiver
Air Flow Rate A hot wire anemometer was used to measure the velocity of the air
within the Test Rig at multiple points. These velocity measurements were averaged
and then multiplied by the duct area to gain an average bulk air flow rate.
Water Flow Rate A 6mm hall effect water flow sensor was used to directly measure
the water flow rate. This sensor is designed to be accurate for flow rates between
0.3 - 3.0L/min. The typical flow rate of the tests were 2.5L/min. The sensor was
further calibrated by the timed filling of a container of known volume.
Water and Air Temperatures Water temperatures in the system are measured with
calibrated K-type thermocouples. Air temperatures are measured with digital
temperature sensors. All sensors used are accurate to 0.1°C.
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Solar Irradiance An Apogee CS300 solar pyranometer is used to measure solar irra-
diance. Total solar radiation can be measured to with 5%. The device is mounted
at the Chapman Eco-Castle.
3.2.3 Output & Efficiency Equations
Two methods of measuring Thermal Energy gain were used. The mass flow rate of the
air was held constant and measured along with the inlet and outlet air temperatures of
the PV under-panel ducting. Similarly the flow rate of the water to the heat exchanger
was held constant and measured along with the inlet and outlet temperatures of the
water. Both of these methods can be used to calculate power output and should follow
very similar trends, only differing by the effect of Thermal Inertia of radiator and the
water it contains. The sensors and fans are labelled in Figure 3.5. The useful thermal
energy gained from the system can be defined:
Q = ṁCp(Tin − Tout) (3.1)
where ṁ is the air or water flow into the system, Cp is the specific heat capacity of air
or water, and Tin − Tout is the differential between the inlet and outlet temperatures .
The energy harvested from the thermal collector was the primary quantity of interest
in the design of the building’s energy system, however to compare the collector to other
available systems the efficiency must be determined. The efficiency of the solar thermal





The efficiency of the collector η is calculated from the thermal energy gain Q, the area
of the collector APV , and the incident solar radiation GT .
The total energy available to the system is the product of Apv and GT . In the case of
a BIPT/T system, the area of the collector is fixed. The incident irradiation GT can
be calculated from the measured solar radiation on the horizontal surface of the Apogee
CS300 Pyranometer, the tilted surface slope angle β, and azimuth angle γ.
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The total measured horizontal solar radiation GH is first broken down in to the beam
radiation GB, and the diffuse radiation GD. The total radiation on a tilted surface GT
is then defined:











where RB is the geometric factor that determines the position of the sun in the sky.
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• Cost of Manufacture
The focus of the design in this project is the use of materials that are, or are close to,
pre-finished, saving greatly on labour intensive build operations. This saving on labour
expenses allows the use of high performing materials, contributing to superior overall
thermal performance.
The initial structural guidelines of the project as stipulated by Dennis Chapman and
Brent Mettrick are as follows:
• Permanent and Dynamic Thermal mass would be introduced with the use of a
concrete foundation with cast-in water tanks
• PIR/Steel sandwich panels sourced from Conqueror Panels LTD would be utilised
for the entire envelope of the build due to their high structural strength and unri-
valled thermal performance
• The BIPVT system used in the Eco-Castle would be adapted for use on the building
22
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• A minimum of opening windows would be used to increase thermal performance.
Active Mechanical ventilation would be substituted in its place
• Majority of window area would be North facing to increase Solar Energy Gain
• Single Bedroom with Living Room / Kitchen and Bathroom
• Must be relatively easily transported
This chapter will outline the design process taken to arrive at the final building concept.
4.1 Building Plan
4.1.1 Initial Building Plan
The requirements of the building plan design were to meet the above specifications of a
Single Bedroom with Living Room, Kitchen and Bathroom, mainly north facing windows
and a minimalist layout for ease of manufacture. The Kitchen and Bathroom were to be
placed adjacent to simplify the installation of services and the layout would allow north
facing windows in the Bedroom and Living room. With these basic specifications taken
into account, and initial Building Plan was created as shown in Figure 4.1.
Figure 4.1: Initial Building Plan View
There are no south facing windows in the above plan as they would have a significant
negative effect on the thermal performance of the design while providing little in terms of
aesthetic appeal as sufficient glazing is provided on the East, West and North walls. Two
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slider doors on the North side of the building provide access to the bed and living rooms
and provide sufficient North facing glazing to encourage thermal gain from incident solar
resources.
The other specification to be considered is the overall size as Land Transport have size
restrictions for transporting large objects. The above floor plan has been restrained to a
3.6m width to stay within the class 1 oversize transportation which does not require any
special permits for transportation. The length of the building could be up to 12 meters
and still fit on a standard size transportation trailer as 12m is the largest standard size
shipping container.
Note that the rear wall of the building is 200 millimetres thick. The increased thickness
is due to the initial design including a tilt slab inner wall to increase the interior thermal
mass of the building, and is further detailed in the next Sub-section.
4.1.2 Final Building Plan
The building plan went through many changes for various aesthetic and technical rea-
sons. Appendix C shows all Drafted concept versions. Figure 4.2 shows the Final
Building Plan.
Figure 4.2: Final Building Plan View
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There are many major and minor changes of figure 4.3 when compared to the Initial
Design of figure 4.1. The building has been mirrored to increase solar resources to the
Living room early in the day. The concrete tilt slabs have been removed as they did not
significantly increase thermal performance of the building while being difficult and costly
to construct. An Awning, Deck and Carport have been added to increase aesthetic and
functional attractiveness for potential purchasers, as per the revised specifications given
by Brent Mettrick.
4.1.3 Extended Building Plan
Dennis Chapman requested that a Two-Bedroom plan be created to cater for more than
one or two inhabitants. Figure 4.3 shows the Two-Bedroom building plan.
Figure 4.3: Two Bedroom Building Plan View
This plan reaches the 12m limit for transportation while providing two bedrooms and
an acceptably sized living room. The increase in length also allows for more solar
panels to be utilized on the roof thus providing the extra energy required for additional
inhabitants.
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4.1.4 Modular Building Plan
The design of Figure 4.3 lends itself well to being modularised due to its small footprint
and transportability. The most basic configuration is to position two buildings back-to-
back, creating a transportable building with up to three bedrooms. Figure 4.4 shows
the building plan of two standard designs back-to-back.
Figure 4.4: Two Unit Modular Building Plan View
This configuration offers flexibility for transportation, but the primary downfall is the
reduction in energy efficiency. There is a significant increase in thermally conductive
area while the North facing area of the building remains constant. Hence there is an
increased chance of an energy deficiency in the complete off grid system.
4.2 Foundation
Dennis Chapman first proposed the idea of a transportable concrete foundation with
cast in water tanks to equip the building with a large thermal mass. The concrete
provides a permanent base thermal mass, and the water tanks create a dynamic thermal
mass, which eases lifting requirements and introduces the benefit of having local water
storage.
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4.2.1 Waffle Slab
The slab is similar in design to a common Waffle Floor Slab or ‘Rib-Raft’ Slab, as it is
more commonly known in New Zealand. A typical Waffle Floor Slab consists of an array
of steel reinforced concrete beams with expanded polystyrene pods cast into the voids
between the beams to provide insulation and a convenient form work while pouring the
concrete. Figures 4.5 and 4.6 show a cross section and plan view respectively of a typical
Waffle Slab.
Figure 4.5: Rib-Raft Cross Section
Figure 4.6: Rib-Raft Beam and Pod Layout
This Slab Design provides a very strong, stiff foundation with a relatively good insulation
coefficient due to the large area of polystyrene pods. This design has been particularly
favoured in the wake of the Christchurch Earthquakes as it provides the extra strength
required for low quality ground conditions.
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4.2.2 Tilt Slab Walls
The primary reason a concrete slab was chosen for the floor/foundation type is due
to its inherently high thermal mass. The thermal mass in the building can be further
increased with the use of interior concrete tilt slab walls. An additional benefit of an
interior tilt slab is the thermal gain from incident solar radiation, provided that the
slabs are uncovered and are exposed to solar radiation through appropriately positioned
glazing. Figure 4.7 shows the proposed tilt slab wall design.
Figure 4.7: Initial Slab Design with Tilt-Slab Walls
Only the rear and centre walls are concrete slab as they require no cut outs for windows
or doors. As well as providing thermal mass, the tilt slabs are load bearing and provide
bracing to their respective walls. This approach simplifies the design of the panel fas-
tening system as less load bearing and bracing members need to be designed in to the
remaining super-structure.
4.2.3 Initial Foundation Design
The typical Waffle Slab foundation design provides a relatively well insulated and strong
sub-structure, but can be improved to increase a building’s thermal performance and
usability. The Polystyrene Pods are a convenient form work for the concrete and have a
high insulation coefficient but their use can be considered a waste of usable space within
the building design. The concrete beams of the foundation lay directly on the prepared
site surface allowing a relatively low resistance path for heat to be conducted to the
earth below.
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In this design the Polystyrene Pods would be replaced with Rotomoulded Polyethylene
water tanks for the purpose of providing a dynamic thermal mass. Dennis Chapman
initially provided a water tank design that he had intended to use in his ’Cube House’
design. Figure 4.8 shows the drawings of the initial water tank design.
Figure 4.8: Initial In-Slab Water Tank Design
The tank was to be Rotomoulded in Low Density Polyethylene with a nominal thickness
of 5mm, a dry weight of 19.3kg and an internal volume of 380L. The tanks would be filled
through two brass fittings and the top of the tank and emptied with two brass fitting
at the bottom of the tank. Appropriate plumbing will be cast in to the foundation to
fill and empty the tanks.
To reduce heat losses in the foundation the beams and water tanks need to be insulated
from the prepared site. Conqueror Ltd offer a 100mm thick PIR (Polyisocyanates)
foam board that has a good insulation coefficient (R4.8) as well as excellent compressive
strength and load spreading ability. This board will cover the entire footprint of the
foundation to form a high performing thermal break.
The aim of the first foundation design was to fit as many water tanks as possible to reduce
the weight of the required concrete. The foundation is also required to be transportable
so the beam structure must also be capable of spanning between lift points with minimal
deflection. Figure 4.9 shows a Plan view of the first foundation design. This foundation
plan includes 18 water tanks for a total water volume of 6840L. The beams are 200mm
wide with a 200mm perimeter and an 85mm topping slab. The total concrete mass
including the tilt slab walls was calculated to be 27,000kg.
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Figure 4.9: Initial Foundation Beam and Tank Plan
4.2.4 Final Foundation Design
The foundation underwent multiple revisions throughout the design process. The foun-
dation design in the initial concept was identified to contain excessive mass. This ex-
cessive mass was largely attributed to the number of tanks used in the design. Using
multiple small tanks increased the number of concrete beams included in the design,
making for an overweight foundation. Although it was identified that the foundation
could still be transported, the cost of lifting and transportation increases with an in-
crease in the required capacity. The tilt slab walls were removed as calculations showed
that they did not offer a substantial increase in thermal performance and their weight
was having a detrimental effect on the transportability of the structure.
The changes in foundation layout necessitated finding new water tanks that could be
more effectively cast within the slab to minimize excess concrete weight. Appendix C
shows all of the different foundation layouts and water tank designs as the foundation
was refined. The final design incorporates four large tanks that are larger in area but
lower in height. This design does affect a decrease in water storage but also significantly
decreases the weight of the foundation to 11,500kg. The new tanks are an existing
product from ThinTanks Ltd and are readily available. The 1000L model was chosen
due to its low, 260mm, profile. Figure 4.10 shows the chosen water tank model.
The final foundation design includes four of the ThinTanks for a total water volume of
4000L. This volume is a significant decrease compared to the initial design but the overall
benefit of lower weight far exceeds the downfall of having less dynamic thermal mass and
water storage. The layout has a 400mm perimeter beam with only three 400mm internal
beams. The beams are reinforced by HD12 reinforcing bar and will be poured with a
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Figure 4.10: 1000L Polyethylene Thin Tank
fibrous concrete to aid in flexibility when transported. The final foundation design has
an estimated overall mass of 12,050kg including the water tanks. Figures 4.11 and 4.12
show a plan view of the final foundation layout and drawings of the beam cross sections
respectively including detail of the reinforcing bar placement.
Figure 4.11: Final Foundation Beam and Tank Plan
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Figure 4.12: Final Slab Rib and Edge Beam Details
4.3 Structural Insulated Panels
4.3.1 Conqueror International
Conqueror International were identified at the commencement of this project as being a
potential project partner. Their main product, PIR Structural Insulated Panels, are an
excellent match to the thermal performance and fast build requirements of the project.
The panels in question are made in Christchurch and Conqueror can offer competitive
pricing and lead times. Figure 4.13 shows the primary construction of the panels.
Figure 4.13: Conqueror PIR Panel Construction
The core material of these panels, Polyisocyanates (PIR), is a thermosetting plastic that
is combined with a blowing agent to produce a foam with an extremely high thermal
coefficient. The foam also has a very high compressive strength and is fire rated. The
foam is sandwiched between two thin layers of zinc aluminium coated steel. The result
panel is very rigid and is capable of spanning large distances unsupported. Table 4.1
shows a comparison of the rated R values for the different core thickness’s or various core
technologies where EPS is Expanded Polystyrene, XLAM is Cross-laminated Timber,
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and MW is Mineral Wool . Table 4.2 shows the spanning ability of the ISJ Roof panels
with different thickness’s
Table 4.1: R Values of Insulation Materials with Different Thickness’s
EPS XLAM PIR MW
50mm 1.2 1.61 2.4 1.2
75mm 1.8 2.42 3.6 1.83
100mm 2.4 3.22 4.8 2.44
150mm 3.6 4.84 7.1 3.66





As the panels are primarily designed as a façade panel system, a proprietary framing
and fastening system would need to be created. Typically the panels are fixed to a
rigid, industrial framing system that is exposed on the interior of the building. As this
application is residential, exposed structural members are not acceptable for aesthetic
and functional reasons. A system needed to be produced that had minimal impact to
the interior of the building while still being structurally sound.
Appendix C shows the complete initial design as modelled by the drafting team and
Stonewood homes. This system assumes the panel’s ability to not only provide bracing
support to the structure, but to also provide the required vertical and horizontal strength
required to support all possible loads. The steel profiles in the system primarily provide
a means of fastening the panels at all except butt junctions, where Conqueror’s own
fastening system takes over. Figure 4.14 shows the proprietary fastening system used
by Conqueror Ltd.
Figure 4.14: Conqueror PIR Panel Fastening System
Chapter 4. Structural Design Development 34
This initial concept largely satisfied the technical requirements of the design but the
aesthetic requirements were not met. After seeking advice on the aesthetic of the design
it was concluded that the steel interior of the Conqueror Panels would not be acceptable
for the purposes of a residential build. Traditional interior coverings were considered
such as fixing Gib board to the interior, but this method was not deemed acceptable
practice by Conqueror International and would have voided the product warranty. An
entirely different Structural Insulated Panel System was required to satisfy the need for
a traditional interior finish while still maintaining a similar level of thermal performance
and ease of construction.
4.3.2 VersiPanel
There are various Structural Insulated Panels on the market that would satisfy the
thermal performance requirements of the building, but few that provide a means of
simple structural design. The final building design utilizes a product from an Aus-
tralian company, VersiClad Ltd, in particular their VersiPanel Product. VersiPanel has
a Polystyrene core with either Fibre Cement or Oriented Strand Board skins. The key
feature of the VersiPanel system is the fact that its core is 91mm wide allowing standard
90x45mm framing timber to be wedged between the two skins of the panel. This system
makes for the entire building framework being enclosed by the panels and only requires
studs at 1200mm centres as opposed to the current building standard of 600mm. Figure
4.15 shows the general assembly layout of the Versipanel System.
Figure 4.15: Versipanel SIP System Assembly
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Using VersiPanel’s with Fibre Cement interior skins also solve the problem of interior
aesthetics as the Fibre Cement with plastered seams is very similar in look and feel
to Gib Plaster Board lining. The exterior of the panel can either be Fibre Cement
with plastered seam under paint or Oriented Strand Board with a direct fix cladding
for weather protection. A notable downside of the Versipanel system is the lower base




The VersiPanel framing system uses a very elegant system for installing traditional
90x45mm timber framing. The internal dimension between the skins of the sandwich
panel is 91mm, resulting in a snug fit for a timber stud. Figure 4.16 shows section views
of a single and double stud panel connections.
Figure 4.16: Section Views of Versipanel Internal Framing
The EPS on all four sides of the panels is hollowed out at the factory to accommodate
the double stud configuration. A removable EPS infill is provided that can be inserted
when the single stud configuration is used. When panels are cut to custom sizes the
EPS in the sides of the panels has to be hollowed out with a specialized hot knife cutter
to ensure the timber studs fit correctly.
All openings require a double stud each side to support the head and sill beams. The
outer studs run the full height of the wall while the inner studs run to the over and
undersides of the head and sill respectively. This design creates a complete frame around
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the windows or door and creates a strong lintel beam above the opening to support all
load applied by the roof. Figure 4.17 shows an exploded assembly view of a window
opening.
Figure 4.17: VersiPanel Framing with Window Opening
To use the VersiPanel system efficiently, the framing plan should meet the following
guidelines:
• Wall lengths of 1200 & 900mm wide modules
• Wall heights of 2400, 2700, 3000 or 3600mm (3600mm in FC/FC only)
• Window widths in 900 & 1200mm modules: 900, 1200, 1800, 2100, 2400mm, etc.
• Maximum window/door opening of 2400mm without requiring additional engi-
neering for lintel beam
The window widths in the design are all 1800mm and the single door opening is 2400mm.
As the building has to meet size requirements for transportation, the ideal building
width cannot be achieved. Hence, panels on the ends of the building will need to be
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cut to custom widths. The rear of the building achieves the lengths to accommodate
eight 1200mm wide panels while the front is made up of three 1200mm panels and two
custom cut panels. Figure 4.18 shows the plan view of the building with the Versipanel
stud layout marked.
Figure 4.18: VersiPanel Stud Layout
The bottom plate of the framing will be bolted to a steel angle member that runs around
the perimeter of the Foundation slab. This plate extends the panels 100mm out from the
foundation to provide a gap under the main panels to fasten insulating panels around
the perimeter of the slab. Figure 4.19 shows a section view of the bottom plate and steel
angle.
Figure 4.19: Framing Bottom Plate and Supporting Steel Angle
The walls of the bathroom are not required to be insulated and so VersiPanel is not
used in this area to save on costs. The walls will be traditionally framed and lined with
Gib board providing a convenient cavity to run services. These walls will also be load
bearing, supporting the center section of the roof. The main walls will be gable framed
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as this method is the most cost effective technique, negating the need for a separate roof
truss. Figure 4.20 shows a side elevation of one of the gable framed walls.
Figure 4.20: Gable Framed Inner Wall
To meet the 4m height restriction, the North facing wall of the building was brought
down to the height of the sliding door. This reduction in height meant that there was
no room above the door to provide a sufficiently strong timber and fiber cement lintel
beam to support the roof load. The decision was made to replace the North wall top
plate with a section of 89x89x3mm Galvanized steel SHS (Square Hollow Section). The
steel ensures a sufficiently strong lintel beam while still fitting in between the skins of
the VersiPanel wall, preserving the aesthetics of the North wall. Figure 4.21 shows a
detail of the SHS steel top plate.
4.4.2 Roof Type
The Conqueror panel system did not meet the aesthetic requirements for the walls of
the building, but it was deemed acceptable for the roof of the building as the painted
steel interior finish is acceptable on the ceiling. The Conqueror panels have a very large
spanning ability which results is a very simple roof design.
One of the primary design considerations for the roof is the integration of PV panels as
the pitch of the roof has a significant effect on their output. This effect will be further
detailed and analyzed in Chapter 6. For the most consistent year round electricity
production, the latitude of the PV panel’s position should be implemented as the angle
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Figure 4.21: SHS Steel Top Plate Detail
of the panel with reference to the horizontal. For the case of Christchurch, New Zealand,
the ideal fixed PV panel angle would be 43.5 degrees. Figure 4.22 shows the daily solar
incidence angles for differing times of the year in Christchurch.
Figure 4.22: Solar Angles by Month with Cumulative Solar Energy
An angle of 43.5 degrees would make for an excessively tall building with unsatisfying
aesthetics, therefore the initial building concept included an uneven gable roof with a
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30 degree angle. This angle introduces a small loss in winter energy production but
significantly reduces the profile of the building when compared with 43.5 degrees. The
north-facing side of the roof is designed to provide maximum area for PV Solar Panel
installation as well as providing an acceptable pitch for year round energy harvesting.
Figure 4.23 shows a section view of the initial roof design. All iterations of the roof
design can be seen in Appendix C in the concept drawings history.
Figure 4.23: Section View of the Initial Roof Design at 30◦
Another limitation with pitch is the height limit for a transportable building. The
working limit for the height of the building is set at 4m. The above design did not
achieve this height goal with an overall height of 4900mm. Exceeding the allowed 4m
would result in the requirement of Land Transport Permits, drastically increasing the
cost of transporting a finished product.
The final concept has a roof pitch of 20 degrees which is significantly less than the
optimal angle. However, the resulting solar energy gains will still be sufficient for this
application and is fully justified in Chapter 6. The low roof angle teamed with the
low profile of the final foundation design, reduced the overall height of the building to
an acceptable level of 3739mm. Figure 4.24 shows the final roof design. A 180x45mm
timber beam is positioned along the ridge of the roof to support the upper side of the
spanning roof panels. The beam will be supported by double studs on the East and West
walls, as well as doubles studs at the head of the gable framed interior walls. Figure
4.25 shows the beam detail.
4.4.3 Weather Tightness
The E2 External Moisture Standard was the point of reference in the design of the
building’s junction details. This standard was used to guarantee a pass result in the
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Figure 4.24: Section View of the Final Roof Design at 20◦
Figure 4.25: Section View of the Structural Roof Beam
weather tightness section of a building consent. This building design has seven key
junction details that are required to be weather tight.
The E2 Standard includes a building technique that is very similar to that of VersiPanel.
It outlines the technique as having a typical insulation filled cavity wall with fibre cement
sheets as the outer skins. This technique almost directly mimics the insulation and outer
skins of the VersiPanel system. Figure 4.26 shows the section details provided in the E2
Standard of a Head and Sill. The details for the building design have been drawn to be
as close as possible to the standard of figure 4.26. Appendix C shows all of the building
junction details as well as a Jamb detail taken from the E2 Standard.
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Figure 4.26: Head and Sill Deatails from the E2 External Moisture Standard
4.4.4 SolarPanel Integration
Dennis Chapman has provided a solar panel mounting system that he has had manu-
factured and thus proven. The solar panels have an extruded aluminium alloy frame
that has been designed with clip-in mounting rails and weather-proofing surfaces. All
clip-in parts are sealed with rubber profiles. This mounting system provides a relatively
air tight void beneath the solar panels which will be utilized as a thermal duct. Figure
4.27 shows a profile of the side mounting bracket for the solar panels.
Figure 4.27: Profile View of Solar Panel Fastening Hardware and Flashing
As the panel mounting system is fully sealed, Dennis Chapman was able to successfully
pass the system through the Canterbury Council building consent process as a primary
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weather tight building envelope. This mounting system gives excellent flexibility in the
design of a BIPV/T system using these panels. For the purpose of this design, the roof
will already be weather tight with the use of Conqueror panels so will be considered the
primary weather-tight barrier.
To maximize the thermal energy collected from the back of the solar panels, the channel
height of the thermal duct needs to be considered. A large channel height will provide
a low back pressure to the circulating fans but increase the required building materials
and reduce turbulence of the airflow, reducing harvested energy. A small channel height
will be restrictive and require powerful fans for circulate air but will reduce building
materials and increase turbulence, increasing harvested energy. Dennis Chapman’s Eco-
Castle uses a 150mm duct which has been proven to provide an acceptable thermal
energy gain. As the roof panels in this design have large profiled ribs on the top surface,
the required spacing between the solar panel brackets and the roof panel will be minimal.
It was decided that 45x45mm timber batons would be used as spacers as they are low
cost and readily available. Figure 4.28 shows a side section of the mounted solar panels.
Figure 4.28: Side View of Solar Panel Fastening Hardware
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Figure 4.27 also shows a profile view of the side flashings that seal the sides of the thermal
duct. The flashings are sealed to the PV Panel Aluminium extrusions and sealed to the
side of the building with silicone sealant and mechanical fasteners. Complete sealing of
this flashing is essential in reducing thermal losses in the duct.
The effective flow under each panel is 0.55m2. This value equates to a simple duct height
of 100mm, providing a good balance between flow velocity and back pressure.
4.4.5 Awning and Carport Design
Since the building is being designed to be transportable, the awning and carport must
be removable for the building to be within the maximum transportable width of 3.6m.
The company Conqueror manufacture a 50mm ribbed SIP at a relatively low cost that
would provide high strength and stiffness while eliminating the need for bracing. The
panels are of the same construction as the roof panels, which are to be used in the
main superstructure, so have a high insulation coefficient that will not be utilised in this
application. Therefore, these panels could be interpreted as an over specified building
material, but the ease of construction and aesthetic appeal justify their use.
The awning and carport will comprise sections of the Conqueror panel with an exterior
steel ‘C’ channel frame. The top of the frames will mount to the front and rear of
the building superstructure on semi-permanent hinged brackets and will be supported
and the bottom end of the frame with concrete anchored timber posts designed to
accommodate the required wind lift loads. Figure 4.21 shows a section view of the
awning connected to the building’s top plate via hinges welded to the awning ‘C’ channel
frame and the top plate. This design allows for a relatively low weight detachable shelter
that is aesthetically suited to the rest of the superstructure.
The angle and height of the awning can have a significant effect on the incident solar
radiation through the front glazing of the building. While the awning is designed to
have a fixed angle, this angle could be changed to account for the building’s geographic
location. Figure 4.29 shows a profile view of the awning as drafted with an overlay of
solar radiation angles.
The angle, height and length of the above awning provides good shelter from solar radi-
ation during high summer sun angles while remaining open to solar radiation from lower
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Figure 4.29: Profile View of Awning with Varying Solar Angles
winter sun angles. 70 degrees is the highest solar radiation angle that will introduce ra-
diation through the North facing glazing of the building. In Christchurch, New Zealand,
between the dates of approximately February 5 and November 25 there will always be a
measurable amount of incident solar radiation through the North facing glazing in the
hours of daylight.
4.4.6 Insulation Coefficient Study
The Versipanel system has a rated insulation value of R2.4. This rating pertains only to
the panel itself and does not include studs and fastening junctions that are associated
with a building. These junctions need to be analysed in order to find the average
insulation value of the overall wall system. Figure 4.30 shows a section view of a vertical
panel join with indicative R values overlaid.
R values of the building materials are taken from NZS4214:2006 and manufacturer data
sheets and used to calculate the average R value of the entire exterior envelope [9]. Table
4.3 shows the calculated R values of all material types used in the design.
Using these R values, each junction in the building can be analysed to calculate its av-
erage sectional R value. These values are then collated to calculate the average building
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Figure 4.30: Section View of a Vertical VersiPanel Join
envelope R value. The average R value of the building was calculated to be R1.82 with
a total conducting area of 128.5m2. The calculated thermal energy loss of the building
was 70.7W°C−1. Further analysis of the resulting thermal performance of the building
will be undertaken in Chapter 6.
4.4.7 3D Modelled Concept
The primary purpose of 3D modelling is to provide a detailed view of the outer dimen-
sions and to get closer to a real world view of the building. As the end goal of this
project is a saleable product, the aesthetic appeal of the building is crucial element for
its success.
Figure 4.31 shows the first 3D modelled concept. The overall technical requirements were
met, but the aesthetic appeal of the building is not up to Stonewood’s standards. The
design provided a base to begin technical and aesthetic refinement. The most notable
change incurred after this initial 3D model was created was the reduction in roof pitch.
Appendix C shows all 3D modelled concept figures from throughout the project.
Table 4.3: R Values of Construction Materials
Material Thickness (mm) R Value
Pinus Radiata 90 0.78
Versipanel 106 2.4
Conqueror Panel 100 4.8




Low-E Double Glazing 14 0.4
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Figure 4.31: First 3D Modelled Concept
Figure 4.32: Final Rendered 3D Modelled Concept
Figure 4.32 shows the rendered final concept model. All aesthetic requirements have been
met with Stonewood Homes being satisfied that the overall look of the building qualifies
as a saleable product. The intended market for this design is Off-Grid Self-Contained
Transportable buildings. This market could include applications such as remote farm
quarters’ or holiday homes.
Chapter 5
Electrical & Systems Design
5.1 Off-Grid Power Systems
This building design requires a complete Off-Grid option to qualify as a standalone
building solution. The system will largely be designed with the use of popular off-the-
shelf units to ensure repeatability and consistency of performance should the building
become a mass produced item. The aim to create a cost effective Off-Grid system that
is capable of supplying the Electrical needs for one inhabitant indefinitely. To calculate
the storage and generation required, generalized data has to be analysed to gain an
understanding of typical Electricity usage habits.
5.1.1 Load Estimation
To size an off-grid power system correctly it is essential to analyse typical inhabitant
behaviours and study the statistics of typical residential load data. A well sized system
will not only be capable of supplying the average projected load but will also provide
a constant supply in extended periods of low generation. In general, in the Canterbury
region, residential loads increase substantially in the winter season due to the increase
in space and hot water heating requirements while solar resources are significantly di-
minished. This worst case scenario will be the design point for the off-grid system to
ensure reliable year-round operation.
48
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Table 5.1: Approximate maximum load, time used per day, and subsequent daily








Microwave Oven 900 0.25 0.225
Kettle 2000 0.2 0.4
Toaster 800 0.2 0.16
Washing Machine 700 0.5 0.35
Vacuum Cleaner 1000 0.1 0.1
Fridge/Freezer 300 1 0.3
Water Pump 200 0.5 0.1
LED Lighting 150W 4 0.6
Laptop Computer 60 1 0.06
TV 32” 70 3 0.21
Stereo System 30 4 0.12
Ventilation System 100 12 1.2
In off-grid applications, appliances and services will be tailored to minimize the required
electrical energy. For example, a gas hot water heater will be installed as well as a gas
stove, as these are two major users of electrical energy in a residential buildings. Electri-
cal loads need to be analysed individually to gain a good approximation of the projected
load. Table 5.1 shows all of the expected appliances and services and their respective
approximate maximum load, time used per day, and subsequent daily consumption.
Historical residential load data has been procured from BRANZ [3]. This data includes
typical residential electricity loads per person as well as a breakdown of what appliances
and services makes up the total load. The data can be broken down in to individual
appliance statistics and then applied to the above building specific maximum loadings
to provide a projected daily average load. Figure 5.1 shows the monthly proportion of
energy usage in a standard New Zealand household.
Figure 5.1: Average NZ household monthly load percentages [3]
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One of the specifications of this system is that it should be entirely stand-alone, supplying
100% of the building load. While this specification is achievable, it is impossible to
accurately predict the usage habits of any inhabitant and thus there is the potential for
over loading of the buildings supply and subsequent energy shortage.
5.1.2 Generation Capacity
The primary electrical energy source for the building will be via 250W PV panels. The
generation capacity of the building is fixed for a given design roof area as it limits the
maximum possible PV panels that can be installed. The primary one-bedroom floor
plan has sufficient roof area for 18 250W PV panels providing a total maximum output
of 4500W. Appendix A shows the data sheet of the PV panels supplied by Dennis
Chapman.
The PV panels are installed at a tilt angle of 20 degrees which is close to the ideal angle
in summer (Canterbury, NZ), but will provide significantly lower output in the winter
months when the ideal angle is between 55-70 degrees. Data was taken from the solar
rig and historical NIWA data to predict the daily average generation over a year. Figure
5.2 shows the projected monthly generation over a year in Christchurch.
Figure 5.2: Projected Monthly Electrical Energy Generation Over the Period of a
Year
5.1.3 Energy Storage System
Electrical energy storage will be achieved with a lead-acid or lithium-ion battery bank.
The objective of the supply is to cover the electrical load of the building when it is not
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able to be met by generation. These times include night time hours as well as extended
periods of adverse weather conditions.
The main advantages of lithium-ion batteries is their low weight to capacity ratio and
high current density. The choice between lead-acid and lithium-ion battery banks will
be driven solely by cost as the overall weight of the bank is insignificant in the context
of a building and the maximum electrical current is relatively low. Comparing the cost
of similar capacity banks of the two chemistries is not straight forward as there are
considerations that need to be made for the maximum discharge of the cells.
Lead-Acid batteries have very limited life spans when compared to other battery chemistries
with the depth of discharge being a major factor in their rated cycle lives. Typical
commercial rated Lead-Acid Deep Cycle batteries such as the Crown CR430 exhibit
drastically reduced cycle life when the depth of discharge is more than 50%. The Crown
Battery Manufacturing Company advertises that the CR430 battery will perform 1200
Cycles at a depth of discharge of 50% and 3000 Cycles at a depth of discharge of 20%
[10]. However, if long battery life is valued, the capacity will be significantly less than
the advertised capacity, which drastically affects the cost effectiveness of the chemistry.
Although lithium-ion batteries are significantly more expensive than lead-acid for an
advertised capacity, they have a number of advantages. It is considered safe to discharge
this chemistry to a significantly lower state of charge, giving them a significantly better
actual to advertised capacity ratio when compared with lead-acid. Lithium-ion batteries
also have a significantly higher cycle life. For example, the Winston Battery is capable
of 5000 cycles when taken to 80% Depth of Discharge.
Lithium-ion battery banks have a number of advantages, but they are still more ex-
pensive for a required effective capacity. Appendix B shows a lifetime cost comparison
between readily available lead-acid and lithium-ion battery banks. The required capacity
of the battery bank will be further detailed and analysed in Chapter 6.
5.1.4 Backup and Auxiliary Generation
Solar energy can at times be very inconsistent making it difficult to design a reliable,
continuous electrical energy system with solar as the sole source. The power system
in this project is designed to be an indefinite power source, but this requirement can
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only be true if there is design energy usage limit. The energy usage limit pertains to a
‘normal’ one person residence with an amount of extra capacity to ensure reliability.
Auxiliary renewable energy generation sources can be used to supplement solar genera-
tion during times of low solar resources. Wind and Hydro turbines can provide a good
source of auxiliary power depending on the building site location but are also inconsis-
tent energy sources. By far the easiest to implement would be a small roof mounted
wind turbine. Depending on the location of the building site, this option could provide
the necessary system reliability.
In the case that solar generation is not sufficient to cover the usage of the inhabitant and
auxiliary generation is not installed, backup generation will be required to eliminate sys-
tem stability and reliability issues. The most common on-call backup generation comes
in the form of petrol or diesel powered rotary generators. A backup generator would
need to be sized accordingly to the inhabitant’s energy usage habits to ensure consis-
tent supply. The backup generator could be incorporated in the overall building control
system and would only be run when the battery bank became noticeably depleted.
Detailed backup and auxiliary generation system designs will not be included in this
thesis as the systems would be designed and produced on a case-by-case basis to the
specific requirements of the end-user.
5.2 Grid-Tied Power Systems
This project is primarily designed around an off-grid application, however it could also
be designed as an energy positive Grid-Tied building. As the building design has a large
area of PV panels, midday peak production will be significantly larger than the system
load causing a large energy surplus. To avoid back feeding the electricity network and
to capitalize on the available energy, a load shifting system will be required. Figure 5.3
shows a diagram of a load shifting, grid-tied energy system.
5.2.1 Grid-Tied Inverter
Stonewood homes Ltd currently offers a Solar Electricity system with all new builds,
known as the Solar Ready Home. This product consists of a compulsory Solar Ready
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Figure 5.3: Load Shifting Grid Tied Solar Electricity System [11]
Box and optional Solar panel installation. At the heart of the Solar Ready Box is an
Enasolar Grid Tied Inverter sized appropriately for the application. In all Stonewood
builds this Box is installed to ensure seamless integration should the customer choose to
opt for the Solar Panel Package.
If the designed building in this project was to be built and connected to the Grid, a
4.0kW Enasolar Grid Tied Inverter would satisfy the requirements of the integrated
Solar System. The inverter can handle up to 4.5kW peak input power at an efficiency
of 90%. Appendix E shows the full specification sheet for the 4.0kW inverter.
5.2.2 Load Shifting
The most common way New Zealanders purchase Electricity is through an Electricity
retailer. These retailers purchase energy on the Spot Market from generators around
New Zealand with the spot price of wholesale electricity varying widely throughout
the day as demand rises and falls. Instead of end users being exposed to volatile price
changes, the majority of retailers offer customers a fixed, per kWh charge. This approach
is in some ways beneficial to the consumer by protecting end users from volatile pricing
spikes, but it also limits their ability to take control of their energy usage and to benefit
from very low overnight and midday energy prices.
At the beginning of 2015, a new energy retailer, Flick Energy, entered the market offering
a pricing plan to end users that follows the price of the Electricity Spot Market. Simple
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load management can be used to benefit from the scheme but the greatest savings are
realized with active load shifting.
A load shifting battery bank is an energy storage device that is capable of supplying a
building’s full electrical load for a period of time long enough to avoid purchasing energy
from the grid at times of peak demand. The battery bank can then be recharged from
alternative energy sources or from the grid at times of low demand. This strategy has
immediate financial benefits as well as helping to stabilize the larger grid network and
decrease price volatility.
In the context of this project, the biggest advantage is the ability to charge the batteries
during the day using solar resources. The energy gained during the day can then be used
throughout the evening. While some energy retailers do accept back feeding with bi-
directional meters, the remuneration rate is often significantly lower than typical energy
rates. Therefore the PV system is underutilised resulting in a significant decrease in the
system’s payback period. Using the energy from PV panels to charge a load shifting
battery bank can eliminate an oversupply condition in which the PV panels would be
forced to feed energy in to the grid.
As solar resources can be variable and unpredictable, an active charging system has
to be designed that has the capability of predicting future loads and solar resources to
ensure the battery bank has sufficient capacity to fully capitalize on the available energy.
Figure 5.4 shows a flow diagram of a simplified algorithm for control of the load shifting
system.
5.3 BIPV/T and Ventilation Systems
The BIPV/T system provides the primary active heat energy source for the building,
and the incident solar radiation through the North facing windows is the primary passive
heat energy gain method. While the system will have inherent limitations, it will be
capable of actively controlling the interior air temperature when the outside ambient
temperature is less than the target interior temperature of 20°C and sufficient solar
resources are available.
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Figure 5.4: Simple Load Shifting Algorithm
Figure 4.28 in Chapter 4 shows the general mounting technique for the PV panels. The
gap between the PV and roof panels along with sealed flashings around the perimeter
of the PV panels creates the necessary enclosed air channel for the thermal energy
system. To complete the active system, motorized air control flap valves and fans are
used to direct the air flow in to or out of the building flaps to maintain a comfortable
internal temperature and to maximize energy efficiency. The majority of the BIPV/T
and Ventilation equipment will be enclosed in the void above the bathroom ceiling. This
space provides an isolated environment for the equipment that can be sound-insulated
to ensure the systems do not interfere with the occupant’s standard of living.
5.3.1 Air Control Valves
Four sets of air control valves will be used to coordinate the building’s thermal recovery
modes. Two of the valve sets allows the underside of the PV panels to vent to ambient
air in times of elevated solar resources and ambient temperatures. The other two valve
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sets control the air flow between the thermal system and the interior of the building.
Figure 5.5 shows a profile view of the building with the valve sets highlighted.
Figure 5.5: Illustration of Air Control Valves
The type of valve that will be used will be servo operated flap valves because of its
simple construction and therefore reliability. This type of valve has been successfully
implemented in Dennis Chapman’s Eco-Castle for air circulation. The flap can be made
of a variety of readily available building materials and so the valve can be design to be
aesthetically neutral in the building.
The lower interior circulation valves are mounted in the roof panels and so will effectively
be piercing the buildings secondary weather tight envelope. Consideration of this effect
is required to ensure that this secondary envelope remains weather tight. A plastic
cowl will be fitted over the opening above each valve allowing only the movement of air
through the opening. Figure 5.6 shows the section view of the flap valve and plastic
cowl.
Figure 5.6: Profile of Air Control Valve and Plastic Cowl
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5.3.2 Fans and Ducting
Forced convection by means of electric fans will be used to increase the efficiency of the
PV Thermal system. It has been validated in Chapter 6 that the efficiency of a BIPV/T
system will peak at a particular air flow rate and so fan selection and mounting will
have a significant effect on the system’s overall efficiency. The required air flow rate for
the installed system can be calculated with the data collected from the single panel Test
Rig. The required air flow rate will be further detailed in Chapter 6.
An inline centrifugal type fan will be used in the design to produce the necessary air
flows. A series of flexible ducts will be used to draw the heated air from the top of the
PV Panels near the roof ridge, through the centrifugal fan and then into the interior of
the building. Figure 5.7 shows an example of the type of fan that will be used in the
design.
Figure 5.7: Inline Centrifugal Circulation Fan
To achieve equal airflow underneath all of the PV panels using a single fan, the ducting
will be arranged to form a type of manifold at the top of the PV thermal system.
This equal distribution of airflow is essential in maximizing the efficiency of the thermal
system.
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5.3.3 Ventilation System
The building envelope is designed to be as air tight as possible to minimize heat losses
due to infiltration. This feature increases the thermal efficiency of the building, but it
can result in insufficient natural ventilation. A counter-crossflow heat exchanger will be
utilized to provide heat-efficient ventilation for the building. Figure 5.8 shows a diagram
of a counter-crossflow heat exchanger in operation.
Figure 5.8: Counter Cross Flow Heat Exchanger. 1-Cool Fresh Air. 2-Cool Stale Air.
3-Warm Stale Air. 4-Warm Fresh Air [12]
Two centrifugal fans will be used to actively control flow through the counter-crossflow
heat exchanger. The ventilation rate will be determined by CO2 concentration readings
taken from sensors placed within the building with the concentration being maintained
at a comfortable level recommended by the World Health Organisation. The ventilation
system will run at the lowest speed possible to maintain this concentration to minimize
energy input.
Ventilation Systems will be situated in the void above the bathroom ceiling with ducting
entering and exiting the building on the rear wall. The ducts will have flap air control
valves where they pierce the rear wall in order to minimize heat transfer while the
ventilation system is inoperative. Figure 5.9 shows a section view of the ventilation
system layout.
5.3.4 Control Electronics
All control within the building will be undertaken with the use of ballast electronics that
have been designed and manufactured by DARC Technologies Ltd. The ballast units are
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Figure 5.9: Illustration of Ventilation Sytem Layout
powered from a 48V bus that runs throughout the building and the communications are
realized via a Signal-Over-Powerline carrier system that utilize the same bus. The units
are capable of eight analog/digital inputs as well as four 48V PWM capable outputs.
The Ballast Units and Signal-Over-Powerline system will be further detailed in Section
5.3.
A central control system is required to coordinate the Ballast units into a cohesive
network. This central unit can be any digital device capable of managing and storing
multiple command algorithms and serial communications. The system that will be
utilized in this design is the Beaglebone micro-computer running a modified version of
Linux. The Beaglebone was utilized in Dennis Chapman’s Eco-Castle because of its low
cost and low level input capability. The Beaglebone will act as a command server that
is directed by the building’s occupant with the use of everyday devices such as smart
phones.
5.3.5 Control Modes
There will be multiple thermal control modes available with the use of the air control
valves and centrifugal fan. These modes will be automatically selected by the command
server according to the desired interior temperature of the building. The control modes
and their functions are itemised as follows:
Internal Circulation The primary control mode will be internal circulation wherein
the interior air of the building is continuously circulated underneath the PV Panels
to effect an increase in zone temperature. This mode is one of the main sources of
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heat energy for the building and will operate as frequently as possible to harvest
the maximum amount of energy from the PV Panels. The centrifugal fan will run
at the lowest possible speed that still provides a low temperature rise over the PV
Panels to increase their efficiency. Figure 5.10 illustrates the internal circulation
control mode.
Figure 5.10: Air circulated internally for maximum thermal gain
Heat Controlled Ventilation If the interior of the building approaches an over tem-
perature condition, the inlet air to the underside of the PV panels can be taken
from the cooler exterior air. Fan speed can be controlled to ensure the air being
drawn in to the building is at the desired interior temperature. This mode allows
accurate control of the interior air temperature of the building while eliminating
the use of the Primary Ventilation system and still providing forced cooling of the
PV Panels. This mode can also be used to cool the interior of the building at night
during extended periods of high outside temperatures during the day. Figure 5.11
illustrates the Heat Controlled Ventilation control mode.
Figure 5.11: Air is drawn under the panels from outside with a modulated flow to
control internal temperature
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PV Panel Venting In the case of the outside air temperature being greater than the
interior air temperature of the building, both of the interior sets of valves will be
closed while both exterior sets of valves will be opened. This configuration will
allow natural convection cooling of the PV Panels to ensure that they are operating
as efficiently as possible and will attempt to isolate the interior air zone, minimizing
the increase in temperature. Figure 5.12 illustrates the PV Panel Venting control
mode.
Figure 5.12: PV panels are vented at the top and bottom of the roof to allow natural
convection cooling
Maximum Insulation This criteria will be the typical night time control mode, with
all valves in the closed position. The air pocket created between the roof and PV
panels provide additional thermal insulation for when there are negligible solar
resources and the outside temperature is below the interior temperature of the
building. Figure 5.13 illustrates the Maximum Insulation control mode.
Figure 5.13: All air control valves are closed to utilise the PV panel duct as an
insulating air gap
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5.4 Electrical Services
5.4.1 Power Supply Bus’s
The 48V battery pack in the off-grid power system will be the primary source of electrical
energy in the building. Using energy directly from the battery pack reduces the load on
the power inverter, increasing efficiency and reducing the capacity requirement of the
inverter. A 48V DC power bus will run throughout the building on to which ballast
units and switches can be connected to become part of the network.
The power inverter specified in this design, the Outback 3000, quotes a maximum ef-
ficiency of 95%. Any power that is consumed through the 48V DC Bus will avoid a
minimum of 5% energy loss when load would have otherwise been placed on the power
inverter.
While the use of the 48V DC bus is preferred due to efficiency gains, it is acknowledged
the majority of everyday appliances are designed to utilize 240V AC power and typical
occupants will be accustomed to using these appliances. For this reason, standard
NZ/AU 240V outlets are provided in the building, supplied by the power inverter.
5.4.2 Signal Over Power-line
The NZ industry standard for home electrical wiring takes the traditional approach of
series wired mechanical switches to provide a complete electrical circuit for devices such
as lights, fans and mechanical actuators. This system has the benefit of simplicity, but it
can be very labour and materials intensive to install, as each switch must be individually
wired to its respective device.
DARC technologies have designed a power-line-carrier system that only requires a home
to be wired with a power bus of any voltage; AC or DC. All switches and devices are
connected as nodes on the system with any switch capable of controlling any device
throughout the building. Each device on the network is given a unique software address
and can be set to operate from either a preprogrammed switch within the building, or
from a personal smart device that is connected to the Signal Over Power-line network.
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A high carrier frequency is filtered out of the power bus within the ballast units to
provide the cleanest possible voltage to powered devices. Filtering the signal in the
ballast is good practice, but due to the high frequency and low amplitude of the signal,
it would provide little to no disturbance to a device that was directly connected to the
main power bus without the use of the ballast unit.
Ballast units are the interface between the signal network and the device to be controlled.
The units are capable of not only applying power to a device, but can apply variable
DC voltage through the use of PWM. This variable voltage can be applied to lights to
create a dimming effect and to motors to effect variable speed. The standard size ballast
unit is capable of four separate outputs as well as six general purpose input/outputs for
receiving signals from any kind of electrical sensor. For example, a CO2 concentration
sensor will be used in the Ventilation system.
The switch units come in many different shapes and sizes to suit most typical residential
applications. Common household single, double and quadruple rocker switch units are
replaced with button switches of their respective size. The button switches do not have
a mechanical indication of the controlled devices state but instead have soft LED’s above
the buttons for indication.
This complete system is currently used in Dennis Chapman’s Eco Castle where it has
surpassed the prototype stage, ready for production.
5.4.3 LED Lighting
DARC Technologies Ltd have designed a LED lighting system around their Ballast units
to take advantage of the variable, 0-48V supply. Lighting options are centered on pro-
viding an efficient ample light source within a building while eliminating lighting styles
that compromise the buildings thermal performance such as recessed, in-roof lighting
fixtures. The main lighting model that will be used in this design are the wall mounted
up-lights. Figure 5.14 shows a wall mounted up-light.
The Up-lights are produced in 1.5m lengths, each containing 20 LEDs for a maximum
power consumption of 30W. A clip is provided for connecting multiple lengths together
into one continuous lighting array. Ballast units are built in to the lights making for a
simple two wire installation.
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Figure 5.14: Wall Mounted LED Up-Light
5.4.4 Electrical Diagram
Figure 5.15 shows a block diagram of the buildings electrical systems.
Figure 5.15: Block Diagram of Components in the Electrical Power System
Chapter 6
Results & Analysis
6.1 Test Rig Results
6.1.1 Mass Air Flow Analysis
Airflow in the test rig of Figure 3.5 was controlled by a variable speed axial flow fans.
Testing with the anemometer showed that the average air speed within the duct could
be set from 0ms−1 to 1.9ms−1. To extract the maximum thermal power from the back
of the PV panel, the airspeed should be as high as practicable to gain a high differential
temperature between the circulating air and the panel. As the air speed increases,
returns by way of energy transfer will be diminishing, reaching a point where the input
power in the circulating fans becomes comparable to the increase in harvested heat
energy. It was hypothesized that with a fixed incident solar irradiation, there will be a





Measurements were taken on a clear day over one hour centred on the solar day to
have similar solar irradiation at all data points. Furthermore, solar irradiation would be
accurately measured and used to normalize the data during analysis. Six air speeds were
measured at intervals of 10min along with the corresponding total fan electrical power
and thermal output power. At each fan speed, input electrical power was subtracted
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from the output heat power and normalized with the solar irradiance power to calculate
the system efficiency, shown in Equation (6.1). Figure 6.1 shows a graph of the efficiency
from Equation (6.1) vs air speed.
Figure 6.1: Graph of Overall Efficiency Over a Range of Air Flow Rates
For the thermal system in the test rig, at a solar radiance of 950-1100Wm−2 the most
efficient air speed is shown to be 1.5ms−1 which corresponds to a mass airflow of 1kgs−1.
This value is highly dependent on the overall system and although the layout of the test
rig is similar to that used in the building design in this project, the airflow characteristics
are expected to be different.
6.1.2 Maximum Thermal Output
The test rig was run at maximum air speed over a time period of 2 hours on multiple
days to gain a broad data set that could be analysed to determine the total heat power
output. For all tests the tilt of the solar panel was set to 30 degrees as this value was the
roof pitch of the design in this project at the time of testing. Figure 6.2 shows a graph
of the output heat power over a single day of testing with the ambient temperature
overlaid.
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Figure 6.2: Test Rig Thermal Output Power over a single test period
The above graph was created using data taken on the May 25th 2015 which is near
the middle of autumn. At this time of the year the maximum solar angle is 35 degrees,
providing a midpoint between summer and winter angles. The total heat energy collected
from the solar panel throughout the test was calculated to be 4kWh.
It can be seen in Figure 6.2 that the maximum output of the panel throughout the day
does not directly coincide with the maximum solar irradiance which is at 12pm. The
rising ambient temperature reduces the amount of heat energy lost to the atmosphere
and so increases the heat energy output of the thermal harvesting system. Thus, the
ambient temperature has a direct effect on the efficiency of the system.
6.1.3 Thermal Efficiency
Figure 6.3 shows the thermal efficiency of the PV panel over a single test period. It can
be seen that the thermal efficiency of the Test Rig increases significantly as the ambient
temperature increases.
The thermal efficiency equations given in Equations (3.1)-(3.3) in Section 3.2.3 charac-
terize the thermal energy system. These equations are used to normalize the data taken
from the test rig to calculate its characteristic efficiency curves. Data was taken from
several days of testing but was only data points taken while the thermal system was
at steady state were used in calculating efficiency. Figure 6.4 shows the characteristic
efficiency curve of the test rig.
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Figure 6.3: Test Rig Thermal Efficiency over a single test period
Figure 6.4: Characteristic Efficiency Curve of the Thermal Collector
Duffie et al. states that the characteristic efficiency curve of any solar thermal collector
should have a negative slope as this property shows that efficiency is inversely propor-
tional to the ambient air temperature [13]. The curve in Figure 6.4 does have a negative
slope but is not directly linear. The linear line of best fit has an R2 value of 0.85. Non-
linearity’s in the curve could have been from deficiencies in the thermal insulation in the
rig, causing inaccurate temperature readings.
Chapter 6. Results & Analysis 69
Over the entire data set, the average efficiency was calculated to be 43%, and the
implications of the effect that this efficiency has on the viability of this system will be
detailed in Section 6.2.
6.1.4 Maximum Electrical Output
At all times during the collection of thermal data on the test rig, the solar panel was
loaded so that the electrical characteristics of the PV Panel could be analysed while
installed in the BIPV/T system. Section 3.1 describes the hardware and the MPPT
algorithm used to harvest the maximum amount of electrical power from the PV panel.
As stated previously, all data was collected with the panel angle at 30 degrees. Figure
6.5 shows the electrical power output of the PV panel over a single test period. The
total energy collected during the test period was 0.5kWh.
Figure 6.5: Test Rig Electrical Output Power over a single test period
6.1.5 Electrical Efficiency
The electrical efficiency equation is outlined in Section 3.2.2. Figure 6.6 shows the
electrical efficiency of the PV panel over a single test period.
The maximum efficiency of 24.5% is realized in the earlier hours of the test period
while the ambient temperature and thermal output power are at their lowest. This
result indicates that there is a significant increase in PV cell temperature as the test
progresses, lowering the panels efficiency appreciably.
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Figure 6.6: Test Rig Electrical Efficiency over a single test period
6.1.6 Cell Temperature Dependency
As stated in the previous sub-section, the cell temperature had a significant effect on
the efficiency of the PV panel. A secondary test rig was constructed to provide free
ventilation to the rear of a PV panel to quantify the loss of efficiency due to the enclosed
nature of the PV panels in the design of this project. The test rig was left to run for a
period of one month to gain a comprehensive data set. For comparison to the thermal
test rig, data was selected that closely matched the data used in Figure 6.6. Figure 6.7
shows the efficiency of the secondary test rig over a single test period.
Figure 6.7: Secondary Test Rig Electrical Efficiency over a single test period
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The maximum efficiency in Figure 6.7 is 29.9%, 5.4% higher that the peak efficiency of
the PV panel installed in the thermal test rig. The peak efficiency was realized with
an ambient temperature of 4.2°C in the unshrouded panel compared with an average
behind panel temperature of 30°C in the thermal rig at the point of peak efficiency.
Appendix A shows the datasheet of the PV panel used in both the test rigs. Efficiency
is rated at 20% at a cell temperature of 20°C with a solar irradiation of 1000Wm−2 and
has a temperature dependence efficiency value of 0.5%°C−1. The cell temperature is not
measured in either of the test rigs, but the behind panel air temperatures can provide a
rough indication of the difference in cell temperature between the PV panels of each test
rig. The efficiency difference of 5% between the test rigs indicates a cell temperature
differential of 10°C, although the difference in behind-panel air temperatures is 16°C.
The thermal test rig provides consistent, forced cooling of the PV panel while the solar
test Rig relies on natural convection and wind to cool the panel.
The lower electrical efficiency of the thermal test rig affects the viability of the BIPV/T
which will be detailed in Section 6.2.
6.1.7 Conclusion
The Thermal Test Rig has given valuable data on the actual thermal and electrical
energy outputs of the PV panel model that will be used in the design of the transportable
building in this project. The average electrical from the larger data set was 15% and the
average thermal energy efficiency was 20%. When compared with the Solar Test Rig,
the electrical efficiency in the Thermal Rig is down 5% from 20% but the added thermal
energy recovery increases the overall recovery efficiency of the PV panel to 35%. The
Test Rig has shown that there is an optimum fan size and air flow speed in the thermal
duct for maximum thermal output efficiency, with the efficiencies dropping to 50% of
the peak efficiency under low flow conditions and to 95% under excessively high flow
conditions.
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6.2 Building Energy Analysis
6.2.1 TRNSYS
TRNSYS is a PC based energy modelling suite with comprehensive capabilities. It is
primarily used in the modelling of thermal zones in residential and commercial building.
Physical characteristics of a building can be imported into the software and subjected
to long-term simulations using real historical data. The basic dimensions of the building
design were modelled in Google Sketchup to be imported into TRNSYS. Figure 6.8
shows the imported Sketchup model.
Figure 6.8: Sketchup Model Imported in to TRNSYS for Energy Modelling
The model is a simplification that indicates to the TRNSYS engine quantities such as
surface areas, air volumes, glazing area and thermal insulation. Forecasted external
conditions are synthesised from historical data from the NIWA meteorological organi-
sation. Using modelled building and external conditions, TRNSYS performs iterative
calculations over the desired time period.
TRNSYS outputs energy flow quantities and zone temperatures which are then passed
through a post-processing script in Matlab. The post-processor performs adjustments
and additions to the raw data to make it easily displayed for analysis.
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6.2.2 Building Insulation
Table 4.1 in Section 4.4.6 shows the R values of all the materials used in the building
design with the resulting overall R value of the building being 1.82. This number does
not seem to be appreciably high when compared to current typical insulation materials
as it includes all thermal bridging within the building structure. Figure 6.9 shows the
average daily energy loss through heat conduction over the period of one year.
Figure 6.9: Daily Averaged Building Thermal Loss due to Conduction
Heat conduction is proportional to the temperature differential across the building insu-
lation and the forces cooling effect of the wind. Therefore, the day on which the energy
loss reaches a peak will coincide with the day that maximises the sum of the lowest
average ambient temperature temperature and highest average wind speed. The peak
energy loss in a single day is 78.3kWh.
6.2.3 Thermal Mass
Throughout the design process, the amount of internal thermal mass in the building
changed significantly owing to cost and ease of construction benefits. The function of
internal thermal mass is to dampen transient temperatures within a building. This
effect allows the interior of the building to absorb energy from solar resources during the
day that would otherwise be wasted by excessive ventilation due to over temperature
conditions.
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The differing quantities of thermal mass were modelled to determine the effect on the
overall thermal performance. Simulations were run with the only energy input being
solar irradiation through the glazing in the building and energy losses being conduction
through the building envelope and a small amount of infiltration. Figure 6.10 shows the
daily averaged internal air temperature of the building over a period of one year with
different quantities of thermal mass.
Figure 6.10: Daily Averaged Zone Temperatures With and Without Thermal Mass
The graph shows a significantly more narrow temperature range for the curve repre-
senting the building design with good thermal mass, with a winter low of 13.9°C and
a summer high of 30.5°C. In the case of no appreciable thermal mass, the internal air
temperature is significantly following the outside air temperature.
6.2.4 Infiltration
Infiltration can account for a significant proportion of heat energy losses in a residential
in some cases account for up to 20% of a buildings total losses. The Passive Haus
standard in Europe calls for an extremely low infiltration rating with one of the final
building tests being a pressurized leak test. Different infiltration rates were simulated
to determine the effect of infiltration on the overall thermal performance of the building
design. Two infiltration rates were simulated with the higher attempting to emulate
a typical aged building with a high infiltration rate and the lower value attempting
to emulate a modern building with low infiltration. Simulations were run with only
solar irradiation as the energy input through the glazing in the building. The energy
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losses were conduction through the building envelope with a fixed internal thermal mass.
Figure 6.11 shows the average daily internal air temperature over the period of one year
with differing infiltration rates.
Figure 6.11: Daily Averaged Zone Temperatures With Differing Infiltration Rates
The maximum infiltration rate of 0.5ACH shows a minimum internal temperature of
12.7°C, 1.7°C lower than the lower infiltration rate of 0.1ACH. Even a small increase in
infiltration results in a significant heat loss in this building design. The infiltration for
the building design will be kept as low as possible with the only non-sealed components
being the sliding doors. The estimated infiltration rate of the building is less than
0.05ACH.
6.2.5 BIPV/T Thermal Gain
The BIPV/T system will be the primary source of energy for the building, with an active
thermal control system set to maintain a comfortable internal temperature. Figure 6.12
shows the potential daily harvested energy over one year.
A major limitation of the BIPV/T system is the requirement to keep the internal tem-
perature under a set value, forcing the system to halt energy harvesting if the internal
temperature gets too high. This approach limits potential energy recovery on days with
high solar resources. Simulations were performed using different maximum temperature
values to determine the losses incurred by capping the maximum temperature of the
building. Figure 6.13 shows the daily kWh produced over the period of one year with
differing maximum temperatures.
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Figure 6.12: Daily Thermal Energy Collected from BIPV/T System
Figure 6.13: Daily Thermal Energy Collected from BIPV/T System with a Maximum
Zone Temperature of 24°C
With the maximum internal temperature maintained at 20°C the total energy unable to
be harvested yearly is 212kWh. This value is significantly higher than with the maximum
temperature of 24°C, equating to 243kWh of unharvested energy. The difference is
especially noticeable in the winter season. For this reason the thermal control algorithm
allows for a maximum temperature of 24°C with a provision for occupants to input
exceptions for when they are in the building during the day.
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6.2.6 Natural Solar Gain
Natural solar gain accounts for the majority of the input thermal energy to the building.
The flooring of the design has been specified as polished concrete to maximise the ab-
sorbed incident solar energy. Figure 6.14 shows the daily absorbed solar incident energy
over the period of one year.
Figure 6.14: Daily Natural Solar Thermal Energy Gain through Building Windows
The absorbed energy stays relatively constant throughout the different seasons due to
the angle of the front awning in the building design.
6.2.7 Ventilation Losses
Ventilation in the building is performed by an arrangement of fans and a counter cross-
flow heat exchanger. The system is estimated to be up to 90% efficient but the ventilation
rate can still contribute significantly to heat losses in the building. The ventilation
control system is designed to continuously measure the CO2 concentration in the building
and to control the fans to achieve a predetermined set point.
The energy loss associated with the ventilation rate depends on the inside and ambient
temperatures. Figure 6.15 shows the estimated daily energy loss due to ventilation over
the period of one year. The largest energy loss of 1.0kWh occurs during winter with the
largest differential between the inside and ambient temperatures.
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Figure 6.15: Daily Thermal Energy Loss due to Active Ventilation
6.2.8 Thermal Energy Deficit
The primary directive in the thermal control system is to maintain the internal tem-
perature of the building between 16°C and 24°C with an ideal target of 20°C. As the
primary heat source only delivers energy during sunlight hours there is the potential for
a thermal energy deficit at night and during times of low solar resources. Figure 6.16
shows the simulated internal temperature of the building with no auxiliary heater input.
Figure 6.16: Daily Averaged Zone Temperatures without Aux Heater
The temperature falls to 13.9°C which is outside of the acceptable range. The use
of a resistive electric heater is simulated as a secondary heat source to maintain the
temperature at a minimum of 16°C. Figure 6.17 shows the same simulation as Figure
6.16 but with the secondary heat source added and also shows the daily electrical energy
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required to run the heater. On the worst night during the simulated month the total
electrical energy consumed is 6.3kWh. This will impact the design of the off grid storage
system, increasing its required capacity.
Figure 6.17: Daily Averaged Zone Temperatures with Aux Heater
6.2.9 Electrical Energy Production
Electrical energy production for the building integrated PV system can be estimated
using the TRNSYS model. Figure 6.18 shows the daily electrical energy production over
the period of one year.
Figure 6.18: Daily Electrical Energy Gain from PV System
Maximum generation is in the summer months with a peak generation figure of 14.4kWh.
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6.2.10 Electrical Load
A tabulation of the typical electrical loads in the building are given in Table 5.1 in Section
5.1.1. Major loads such as the stove and water heater are specified to use LPG fuel to
reduce the required capacity of the Off-grid system. To estimate daily loads, typical
appliance usage data is taken BRANZ [3]. This data is used to collate a comprehensive
energy usage forecast. Figure 6.19 shows the projected daily energy usage over the
period of one year.
Figure 6.19: Estimated Monthly Electricity Consumption
The highest loads tend to be during the winter season due to occupant generally being
indoors more of the day and less daylight hours. The highest energy usage for a single
day was projected to be 5.4kWh. The average monthly energy usage is 93kWh. The
above data does not include any space heating that may be required to cover deficit in
the thermal system.
6.2.11 Electrical Energy Storage requirements
The electrical energy storage requirements for the system are dependent on the dynamic
load and generation. Considering the short term requirements, the PV panels only
generate during sunlight hours so storage is required to provide energy at night. In
addition, storage is also required to provide the building with energy during extended
periods of low solar resources. To satisfy these requirements, the storage system is
designed around the worst possible scenario.
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All calculations were done assuming the average monthly generation is sufficient to cover
the average monthly load with excess. Electrical load due to thermal deficit was also
included in the calculation. Figure 6.20 shows the simulated accumulated energy deficit
as well as total generation and consumption.
Figure 6.20: Simulated Electricity Storage Levels Over a Year
The minimum daily energy production for the year is 4.9kWh with a corresponding
estimated daily energy consumption of 5.9kWh leaving a peak energy deficit of 1kWh.
The maximum accumulated energy deficit throughout the year comes to 11.2kWh which
is the minimum size the storage system would need to be to ensure an uninterrupted
electricity supply.
The battery type specified in Section 5.1.3 is lead acid so the acceptable minimum state-
of-charge is 50%. The battery pack is recommended to have a minimum rated capacity
of 22.4kWh to meet the storage requirements of the off grid system. The Crown CR430
lead acid battery has been identified as the most cost effective storage device for this
application. Eight of these batteries will make up a 48 Volt, 20.6kWh storage system
which will mean the storage level will briefly fall below the recommended 50% level. In
this particular case, the very small life reduction can be justified by the significantly
lower cost.
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6.2.12 Overall Energy Performance
With all aspects of the energy system considered, a year long simulation was run. The
simulation tests whether the off-grid system can reliably provide consistent internal tem-
peratures and electrical supply. Figure 6.21 shows the daily average internal temperature
and the level of the storage system over one year.
Figure 6.21: Overall Building Performance
The lowest state of charge recorded in the simulation is 46% which is 4% more than
the recommend 50% minimum state of discharge. In exceptional situations, including
emergencies it is possible to discharge the storage system further while only marginally
decreasing the cycle life of the batteries. Thus, there is an ample backup supply should
the requirement arise.
The average daily temperature remains between 16°C and 31°C which is above the
minimum temperature of the zone but is higher than the maximum temperature set
point of 25°C. The total thermal deficit energy is 93kWh over the year which is very low
when compared to the heating load in a typical building of the same floor area.
6.2.13 Conclusion
Modelling the transportable building design in TRNSYS has provided insight in to
the energy performance of the entire system. Interactions between the electrical and
thermals system have been explored to gain a comprehensive outlook on the potential
real world performance of the system.
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The results have shown that the BIPV/T system is capable of supplying the building
with 100% of its energy needs given that the battery pack is sufficiently sized to supply
the building through extended periods of low solar resources. The thermal gain from
the BIPV/T system is not able to supply all of the required thermal energy to keep
the minimum zone temperature above 16°C. During Autumn and Winter an auxiliary
resistive heater is included in the model to maintain the minimum zone temperature.
This heater significantly increased the electrical load in the design which in turn increased
the required electrical energy storage.
The results show that 12kWh of electrical energy storage is sufficient to ensure a reliable
electricity supply to the building. The battery pack must be appropriately sized to
ensure the state of charge does not fall below the recommended level for its respective
chemistry. A Lead acid battery pack would require a rated capacity of at least 24kWh
for the state of charge to stay above the recommended 50%. A lithium-ion battery pack
would require a rated capacity of at least 12.7kWh for the state of charge to stay above
the recommended 5%.
6.3 Building Cost Analysis
6.3.1 Cost Comparisons
There is currently no other complete standalone off grid building products so it is difficult
to compare the building design in this project with other, already available, products.
Only a breakdown of individual components can be priced to gain an accurate compar-
ison.
Transportable Building The most similar standard products that are readily avail-
able are prefabricated timber framed buildings. These buildings come in a variety
of shapes and sizes and are customisable to customers’ requirements. They typ-
ically consist of a timber or steel base frame to provide strength for lifting with
timber framed walls including a low cost cladding, insulation and plasterboard
lining. Quotes from two different manufacturers of prefabricated transportable
buildings are given as follows:
EPS Panel Systems $45,813.00
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Cabins2Go $42,521.74
The buildings quoted are models with the closest dimensions to the building design
in this project. Only the base buildings are quoted which include some fit out items
where specified. Remaining fit out items are added to the base building costs to
ensure all quote specifications are in agreeance. The fit out items added to each
building quote are priced below. The prices are taken from Stonewood Resources.






OffGrid System There is now a market of Offgrid retrofitting in New Zealand as the
price of the required equipment become competitive with the cost of installing
a new Grid Connection in many cases. The Offgrid system in this comparison
consists of an array of PV panels, Storage Battery Bank, Battery charging and
management systems and an inverter. The compared systems are sized to cover the
projected electrical load as well as simulated energy harvested by the PV thermal
system as there is not currently a system available in New Zealand that provides
BIPV/T capability. The price for an all-in-one package that is available on the
market is:.
Solar Electric Technology $28,510.00
Awning and Carport The awning and carport are integrated in to the building design
in this project, but the available transportable buildings on the market do not
provide this option. Awnings and carports will be priced separately with typical
building techniques. Prices for commercially available Carports and Awnings are:
Bunnings - Prepainted Steel Carport $2,446.50
Kitset - ColorSteel Carport $2,950.00
Kitset - ColorSteel Awning $1,450
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Ventilation System The counter crossflow heat exchanger system described in Section
2.4 is already an available product on the market and is generally marketed as a




Appendix D shows a spreadsheet with a complete itemisation of cost for the building
design. All pricing shown is as per Stonewood’s trade costs and does not include any
margin. Costs have also been itemised on the assumption that the prototype cost would
be significantly higher than the cost to mass manufacture the building. Labour costs
are significantly reduced for the mass manufactured estimate with a total manufacture
cost of $90,906.05 compared to a prototype cost of $96,110.70.
Adding Stonewood’s typical margin of 20% and 15% GST yields a sale price of $125,450.36
for the mass manufactured product. The total materials cost for a complete building
using the already available products outlined in Section 6.3.2 is $91,619. Labour to
assemble the already available products is estimated at $10,000 bringing the total cost
of the alternative system to $101,619.
The alternative system costs are lower than the estimated cost of the building design
in this project, because there are fundamental performance differences of the compared
systems. While the compared products have specifications as close as possible to the
building design in this project, the thermal performance of these products would be
significantly lower due to the lack of thermal mass. The benefit of water storage cannot
be costed for the products as it can only be building integrated and is not a currently
available option.
6.3.3 Pay Back Period
The off-grid energy system carries a large upfront capital cost when compared with a
readily available grid connection. While off-grid systems primarily target sites that do
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not have a readily available grid connection, it is still useful to calculate the pay back
period of the system to get a gauge of its economic performance.
The total cost for the off grid system including a 20% margin and 15% GST was esti-
mated at $33,229.79. Assuming a flat rate grid energy cost of 24c/kWh, a yearly line
charge of $288, and that thermal energy for the BIPV/T system would have otherwise
been an electrical load, the yearly return from the off grid system was estimated to be
$812. The payback period for the system would be approximately 40 years.
6.3.4 Commercial Viability
The above comparison does not provide a definitive analysis of the viability of the de-
sign as the specifications are not exactly the same. The comparison does offer promise
that the building could have commercial potential as the thermal and therefore electri-
cal performance of the building is superior to compared products as well as the overall
cost estimate being lower. Due to the specialised nature of the design, confirmation of
commercial viability hinges almost entirely on the experience provided by Brent Met-
trick. Brent has more than 30 years’ experience in the building industry and has a very
good ‘feel’ of what will and what will not succeed in the market place. A final design
meeting was conducted by Brent Mettrick to review the cost estimate. He was confident
that the design has commercial potential and that it would be a saleable product. It
was identified that the product would cater to not only ‘Green’ aware clients but would
also offer a significant incentive to customers that would otherwise be paying for grid
connection costs on their chosen site.
6.3.5 Conclusion
The build cost of the final design has been estimated at $90,906.05 excluding GST.
As there are no direct competitors on the market, the building costing was compared
to packages made up of commercially available products. The lowest estimate of an
already available product came to $101,619, $23,831 lower that the estimate for the
building design in this project.
Comparing the cost estimate of the building design to packages comprised of commer-
cially available products has given assurance that the design costing is at an acceptable
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level. The outcome of the comparison is that costing can be identified as being reasonable
although a firm decision on its commercial viability can not be made from these num-




In this project, the design and analysis of an Energy Positive, Modular, Transportable
Building has been carried out. The design has progressed through multiple stages to
arrive at a solution that satisfies performance targets while still retaining aesthetic ap-
peal.
An experimental apparatus was constructed and used to test the performance of a
BIPV/T system that is currently in use in Dennis Chapman’s Eco-Castle. Air was
circulated in a closed system beneath the solar panel and through an air to water heat
exchanger to measure the exact quantity of thermal energy being extracted. Air flow
beneath the panel was varied while thermal output was monitored to optimise the net
thermal energy output of the system. The system was able to achieve a 53% maximum
combined electrical and thermal efficiency. A secondary apparatus was constructed us-
ing the same solar panel but with the rear of the panel naturally ventilated. This system
achieved a higher electrical efficiency showing that enclosing the rear of the panels in
BIPV/T system had a negative effect on electrical efficiency.
The initial design of the building utilised almost exclusively Conqueror Structural In-
sulated Panels as a building material. This initial design was run through preliminary
modelling that identified that the performance would be satisfactory but after consulta-
tion with Stonewood executives, it was seen that the aesthetics of the design would not
be satisfactory for the commercial product. The downfall of the Conqueror Panel system
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was the painted steel interior walls that would acceptable in a residential home. The fix-
ing of plaster board to the interior walls was investigated but was deemed unacceptable
by the Conqueror Panel manufacturer.
The final building design utilises the Versipanel Structural Insulated Panel system for
the walls of the building with Conqueror panels being retained for the roof. The fibre
cement outer skins of the Versipanel system satisfied the interior aesthetic issue as they
can be plastered and painted to give the same feel as a traditional plaster board finish.
TRNSYS was used to build a comprehensive model of the final design to analyse its
thermal and electrical performance. For eight months of the year the building is able
to self-regulate the internal zone temperature with the use of the building integrated
thermal system. A resistive auxiliary heater is used to maintain a minimum of 16°C
during the remaining four months. The increased thermal mass, in the building, was
found to significantly damp temperature fluctuations in the building which aided the
thermal system in maximising harvested solar thermal energy. The model showed that
the building is capable of being energy positive. A minimum of 11.2kWh of electrical
storage was required to maintain a reliable electricity supply through times of extended
low solar resources.
A cost analysis was performed on the building to investigate the design’s viability in
the market place. The complete contruction cost for the design excluding GST was
$90,906.05. No other directly comparable all-in-one systems are currently available on
the market so comparisons were made to packages that were made up of commercially
available products that would closely resemble the design in this project. The cheapest of
these packages came to $101,619 which is significantly lower than the completed costing
of the design in this project. As the comparisons were not of completely integrated
packages, a definitive confirmation of viability was not provided. Brent Mettrick is
confident that the building design could be successful in the market place.
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7.1 Future Work
7.1.1 Construction, Testing and Commercialisation
To confirm the accuracy of the TRNSYS model, a test building should be constructed
and instrumented to data log the real world performance. The primary goal of the testing
would be to validate the thermal and electrical performance of the building throughout
the winter months as it is in this period that the system is pushed to its limits.
With testing completed, the data could be analysed to determine if the building is under
or over performing and adjustments to the design could be made to more closely achieve
the design specifications.
With real world data to confirm the performance of the design, the building could be
marketed as an all-in-one Transportable building that is entirely self-sustaining.
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